
Quarterly P r o g r e s s  R e p o r t  

F o r  P e r i o d  

S e p t e m b e r  30 to  December 31, 1967 

FUNDAMENTAL STUDIES OF THE METALLURGICAL, 

ELECTRICAL, AND OPTICAL PROPERTIES OF 

GALLIUM PHOSPHIDE 

Grant N o .  NsG-555 

P r e p a r e d  F o r  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
LEWIS RESEARCH CENTER 

CLEVELAND, OHIO 

Work P e r f o r m e d  B y  

S o l i d - s t a t e  E l e c t r o n i c s  L a b o r a t o r i e s  
S t a n f o r d  U n i v e r s i t y  
S t anf o r d  , C a l i  f orni a 

i 

I #  
3. 

I Q  
(CODE) 

I S  (CATEGORY) 
i 



I 

PROJECT 5112: The P rope r t i e s  of Rec t i fy ing  Junct ions i n  G ~ A S , P ~ _ ~  

National Aeronautics and Space Administration 
Grant NsG-555 
Pro jec t  Leader: G. L. Pearson 
S t a f f :  S. F. Nygren 

The purpose of t h i s  p ro jec t  i s  t o  s tudy t h e  prepara t ion  and 

cha rac t e r i za t ion  of r e c t i f y i n g  junc t ions  i n  GaP and G ~ A S ~ P ~ - ~ .  I n  

pa r t i cu la r ,  w e  wish t o  r e l a t e  t h e  s t r u c t u r e  of t h e  crystals t o  the  

electrical  p rope r t i e s  of t h e  p-n junct ions.  During t h i s  q u a r t e r  w e  

have continued t o  improve our  techniques f o r  growing GaP layers by 

l i q u i d  epitaxy. W e  have quadrupled t h e  thickness  of such l aye r s  f o r  a 

given temperature, and we have s tudied  t h e  s p a t i a l  d i s t r i b u t i o n  of t he  

z i n c  doping i n  t h e  layers. We have extended our s tudy of zinc d i f f u s i o n  

i n t o  GaP by s tudying d i f f u s i o n  under high phosphorus pressure.  

pressure d i f f u s i o n  r e s u l t s  i n  a shallower, but more planar ,  d i f f u s i o n  

f r o n t  than  one produced at  t h e  same temperature and t i m e  but a t  l o w  

pressure.  

A. Liquid Epi taxy 

A high 

W e  have continued t o  develop the  technology of growing l iqu id  

e p i t a x i a l  l aye r s  of gall ium phosphide. A programmable temperature 

c o n t r o l l e r  has been connected t o  the  l i q u i d  e p i t a x i a l  furnace  so t h a t  

cool ing  rates dur ing  c r y s t a l  growth may be p rec i se ly  and reproducibly 

cont ro l led .  

W e  have found t h a t  cool ing rate and s e e d  pos i t i on  are important 

i n  c o n t r o l l i n g  t h e  th ickness  and q u a l i t y  of the grown layer. The 

r e s u l t s  are analogous t o  those  found with S tan fo rd ' s  GaAs l i qu id  

e p i t a x i a l  system.' W e  s h a l l  l i m i t  ourselves  here  t o  l i s t i n g  i n  
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Table 1 t y p i c a l  th icknesses  of GaP layers t h a t  have been grown. Note 

t h a t  slow cool ing and f l o a t i n g  t h e  s e e d  resul t  i n  a l a y e r  t h a t  i s  about 

fou r  t i m e s  as t h i c k  as a l a y e r  grown by quick cool ing on a seed t h a t  i s  

cl ipped t o  the  bottom of t h e  boat. Only slow cool ing  r e s u l t s  i n  l aye r s  

t h a t  are free of Ga inclusions.  

Sur face  b a r r i e r  capaci tance measurements have been used t o  de te r -  

mine t h e  doping l e v e l s  at var ious depths i n  s e v e r a l  samples, The 

r e su l t s  a r e  shown i n  Fig.  1, and they  suggest t h a t  z inc  is not  a very 

s u i t a b l e  dopant i n  our  system. The vapor pressures  over a t y p i c a l  

growth s o l u t i o n  a t  1050 C are about PGa = 10 

'Z n 

i t  evaporates from t h e  s o l u t i o n  a t  a s u b s t a n t i a l  rate, r e s u l t i n g  i n  a 

v i s i b l e  depos i t  on t h e  i n s i d e  wal l s  of t he  cold end of t h e  r eac t ion  

0 -7 -4 
a t m ,  P = 4 X 10 atm, 

-3 
= 5 X 10 atm. The r e l a t i v e l y  high pressure  of z inc means t h a t  

tube and i n  a sharp reduct ion of doping ccncent ra t ion  as t h e  c r y s t a l  

grows. W e  plan t o  t r y  beryll ium as an acceptor  impuri ty  i n  t h e  fu ture .  

Under condi t ions  s imilar  t o  those  given above, i t  would have a vapor 

pressure  of 5 X 10 a t m  and presumably would not evaporate from t h e  
-10 

so lu t ion  ., 

B, Diffusion of Zinc i n t o  GaP 

Below 1O5O0C, t h e  Ga-P-Zn system as  determined by Panish2 has 

two monovariant phase regions a s  shown i n  Fig. 2. Diffusions of Zn 

i n t o  GaP are normally done i n  region 1, where t h e  system conta ins  

l i qu id  a, Gap, and Zn P and has vapor pressures  a t  912 C (according 

t o  Ting 1 of Pzn = 0,475 atm and P = 2.2 X 10 a t m .  During 

t h i s  q u a r t e r  w e  have done some d i f f u s i o n s  a t  912 C i n  region 2,  where 

the  system conta ins  l i q u i d  b, Gap, and Zn3P2, and has Pzn = 0.260 atm 

and P = 2,2 a t m .  

0 

3 2  
3 -6 

0 
p4 

p4 - 2 -  



Diffusion at  912OC i n  region 1 t y p i c a l l y  r e s u l t s  i n  moderately 

damaged sample surfaces .  Etching a cross sec t ion  of a d i f fused  sample 

r evea l s  two d i f f u s i o n  f ron t s ,  both of which are i r r e g u l a r ,  However, 

i n  r e l a t i v e l y  perfect regions of t h e  sample, a unique d i f f u s i o n  depth 

f o r  t h e  deeper d i f f u s i o n  f r o n t  can be defined: 531 i n  one hour. 

Diffusion i n  region 2 r e s u l t s  i n  a r e l a t i v e l y  undamaged sample sur face .  

Here, however, t h e  shallow d i f f u s i o n  f r o n t  is planar,  and t h e  deeper 

one i s  less i r r e g u l a r  than t h e  deep f r o n t  i n  reg ion  1 d i f fus ions .  

Again, unique d i f f u s i o n  depths can be defined, and i t  i s  found t h a t  

depth va r i e s  a s  t h e  square root of t i m e  as shown i n  Fig. 3. I n  one 

hour a t  91a0C, X = 13.4p and X = 15.41. 
jl j2 

Present experimental data a r e  i n s u f f i c i e n t  t o  allow a quant i ta -  

t i v e  ana lys i s  of t h e  d i f f e rence  i n  d i f f u s i c n  depth between region 1 

and region 2 although a q u a l i t a t i v e  estimate can be made. 

has shown t h a t  as long as t h e  d i f fus ion  obeys F ick ' s  Laws, p-n 

junc t ion  depth  can be given by 

4 
Chang 

X .  = A s  0 ( 1) 
J 

s fnce  the  d i f f u s i o n  i s  steep fronted.  Here Do is t h e  d i f fus ion  

c o e f f i c i e n t  at  t h e  surface.  I t  may then be shown by mass-action 

arguments tha t  

s 
L(n+l) + - ac 

YP ' s 

<n+l)/4 (n-l)A6 (n+1)/4 
X .  J = At,/Gq' Pzn p4 yP 

where K8 is  an equi l ibr ium constant ,  Di is  d i f f u s i o n  c o e f f i c i e n t  for 

'Z n i n t e r s t i t i a l  z i n c  a t  t h e  su r f  ace, is  t h e  vapor pressure  of Zn, P 
p4 
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is the  a c t i v i t y  c o e f f i c i e n t  f o r  holes  
yP 

is t h e  vapor pressure  of P4 

at t h e  sur face ,  Cs is t h e  concentrat ion of s u b s t i t u t i o n a l  z inc  at 

‘the surface,  and +n i s  t h e  charge s t a t e  of i n t e r s t i t i a l  zinc.  The 

quan t i ty  n i s  disputed i n  t h e  l l e t e r a t u r e  and may be taken as e i t h e r  

1 or 2. E i the r  way, Eq. (2) cannot be f i t t e d  to t h e  experimental d a t a  

i s  taken t o  decrease as C increases. Panish and Casey unless  

point  ou t  t h a t  t h i s  i s  expected, but no q u a n t i t a t i v e  information is 

5 
yP S 

avai lable .  

It  must be pointed out  t h a t  Eq. (2) is not  t h e  only poss ib le  

explanation f o r  t he  experimental data .  I n  f a c t ,  w e  can have l i t t l e  

confidence i n  $4. (2) u n t i l  Eq. (1) is s u i t a b l y  ve r i f i ed .  The data 

i n  Fig, 3 suggest t h a t  Eq. (1) i s  cor rec t  i n  t h a t  case, However, it is 

found t h a t  p-n junc t ion  depths f o r  805 C d i f fus ions  i n  region 1 are 
0 

dependent upon the  t i m e s  for which t h e  samples were pre-annealed as 

ind ica ted  i n  Fig. 4, This  suggests  t h a t  equilibrium is  reached very 

slowly and casts some doubt on Eq. (l), a t  least  f o r  t hese  condi t ions.  

More work w i l l  have t o  be done i n  order  t o  c l a r i f y  t h i s  problem. 
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region 1 of t h e  phase diagram, 
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PROJECT 5115: SEM C Q ~ ~ C ~ O R  DEVICES FOR HIGH 

National Aeronautics and Space 
Grant NsG-555 
Pro jec t  Leader:  G, L. Pearson 
S t a f f :  Y. Nannichi 

TEMPERATURE USE 

Administration 

The purpose of t h i s  p ro jec t  is t o  prepare power r e c t i f i e r s  and 

0 s o l a r  b a t t e r i e s  which w i l l  opera te  a t  temperatures up t o  500 C. 

A.  C rys t a l s  

A set up f o r  growing n-type GaP by l i q u i d  ep i taxy  has been 

completed. One undoped c r y s t a l  was grown. 

Also, a set up f o r  growing both n- and p-type c r y s t a l s  of GaAs,  

GaP and t h e i r  a l l o y s  by vapor ep i taxy  has been completed, This  set up 

w i l l  a l s o  be used t o  grow undoped c r y s t a l s  f o r  use  a s  s u b s t r a t e s  i n  t h e  

l i qu id  ep i taxy  system. Af t e r  s eve ra l  unsuccessful a t tempts  with t h e  

vapor e p i t a x i a l  system, one undoped GaP crys ta l  was grown. Cd doped 

c r y s t a l s  w i l l  be grown i n  t h e  fu tu re ,  

During t h e  e a r l y  pa r t  of t h i s  qua r t e r ,  undoped GaP c r y s t a l s  grown 

by vapor ep i taxy  were kindly suppl ied by C. Ha Ting and S, F. Nygren 

who are working under o ther  pro jec ts .  Most of t h e  experiments performed 

dur ing  t h i s  q u a r t e r  were done with these  c r y s t a l s .  

B, Capacitance Measurements 

Many Schottky diodes were made i n  order  t o  determine t h e  impuri ty  

concentrat ions of t h e  c r y s t a l s .  Ohmic contac ts  were made a l loy ing  

Ni-Au-Ge on GaP a t  45OoC, and t h e  Schottky b a r r i e r s  were formed on a 

plane by evaporat ing Au through a mask i n  t h e  vacuum b e t t e r  than 10 

The impuri ty  concentrat ions of t h e  c r y s t a l s  were determined by 

-8 
mmHg. 

using t h e  fol lowing equation: 
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K = 10 and % = 1.4 vol t s )  

Table 1 shows t h e  impuri ty  concentrat ion of t h e  c r y s t a l s .  

A remarkable d i f f e rence  exis ts  between c r y s t a l s  grown by l i qu id  

and vapor epi taxy,  The capaci tance of Schottky b a r r i e r s  on vapor 

e p i t a x i a l  c r y s t a l s  always d r i f t s  wi th  t i m e  a f t e r  change i n  l i g h t  

i n t e n s i t y ,  As an example (see Fig. 11, ambient l i g h t  is  enough t o  

cause t h e  capaci tance of one barrier t o  change by 10016, suggest ing 

t h e  ex is tence  of deep l e v e l s  whose concentrat ion may be as high as 20% 

of t h e  major i ty  carrier density.' I n  cont ras t ,  d r i f t  was not observed 

i n  t h e  capaci tance of barriers placed on t h e  l i q u i d  e p i t a x i a l  c r y s t a l .  

T h i s  i s  cons i s t en t  wi th  t h e  r e s u l t s  of J. Har r i s  on GaAs. 

C. Breakdown Voltage 

2 

The breakdown vol tage  of each Schottky b a r r i e r  d i o d e  was measured, 

and t h e  c o r r e l a t i o n  between t h e  breakdown vol tage and the  impuri ty  

concentrat ion of t h e  c r y s t a l  was sought, 

F igure  2 shows p l o t s  of breakdown vol tage vs. impurity concentra- 

t i on .  S o l i d  l i n e s  l i n k  values from t h e  same crystals .  The broken 

l i n e s  show t h e  theoretical r e l a t i o n  between breakdown vol tage  and 

impuri ty  concentrat ion for a s t e p  junc t ion  a$ ca l cu la t ed  by S, S ize ,  

taking junc t ion  curva ture  r as a parameter. 

4 

J 

I t  i s  evident t h a t  t h e  crystal q u a l i t y  r a t h e r  than  t h e  impuri ty  

concentrat ion pr imar i ly  determines t h e  breakdown vol tage  at  t h i s  s tage ,  

W e  cannot determine yet which i s  t h e  most important f a c t o r ,  deep l e v e l  

impur i t ies ,  c r y s t a l l i n e  d isorders ,  or inhomogeneous d i s t r i b u t i o n  of 

impur i t ies ,  
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D. High Temperature Operation of Schottky Diodes  

A prel iminary survey was made t o  determine which metals would be 

useable  as Schottky e l ec t rodes  f o r  high temperature devices.  

nickel  f i r s t ;  i t  is  less d i f f i c u l t  t o  evaporate i n  vacuum than  other 

metals such as W, Mo and Ta, and i t  does not a l l o y  with GaP u n t i l  

temperatures above 550 C. For t h e  ohmic contac t  to  n-type Gap, N i - G e  

a l l o y  was evaporated onto the  c r y s t a l  and then  alloyed a t  750 C f o r  

4 minutes i n  HZe 

as t h e  Schottky electrode. The barrier height  of 1.4 eV which was 

observed with t h e  gold e l ec t rode  d i d  not change appreciably with t h e  

n i cke l  e lec t rode .  

W e  chose 

0 

0 

Pure n icke l  was applied t o  t h e  A f a c e  of t h e  crystal  

F igure  3 shows the  V-I  c h a r a c t e r i s t i c s  of GaP Schottky diode a t  var ious 

elevated temperatures i n  forming gas, These r e s u l t s  i n d i c a t e  t h a t  high 
temperature opera t ion  is feas ib l e .  

E. Plans f o r  the  Next Quar t e r  

More c r y s t a l s  w i l l  be grown by both l i q u i d  and vapor epi taxy,  

Hetero G a A s  - GaP pn junc t ions  w i l l  be  grown by vapor ep i taxy  a f t e r  

con t ro l  of impuri ty  doping i s  a t ta ined .  Impurity doping w i l l  be t r i e d  

by 

or  

3 adding cadmium i o d i d e  and s u l f u r  t r ichlor ide t o  t h e  bubbler of PC1 

AsC13 

The f a c t o r s  which determine t h e  breakdown vol tages  of Schottky 

d iodes  w i l l  be inves t iga t ed ,  I t  is  r a t h e r  d i f f i c u l t  t o  def ine  t h e  

junc t ion  curvature  r i n  a Schottky b a r r i e r  diode which u t i l i z e s  an 

inve r s ion  region a t  t h e  su r face  whose th ickness  is on t h e  order  of 

s e v e r a l  t en ths  of microns. S ince  a guard r i n g  s t r u c t u r e  should reduce 

t h e  concentrat ion of the electric f i e l d ,  w e  sha l l  attempt t o  make a 

doughnut type guard r i n g  s t r u c t u r e  by using photolithography. 

’ J’ 1 
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TABLE 1 Impurity Concentrat ion of t h e  Crys t a l s  

Crys t a l  Number - 
SN-13 

CT-1 

CT-3 

CT -4 

ND 
cm-3 

2__ 

15  
1.7 X 10 

3 x 
14 

15  

8 X 10 

2 x 10 

15 CT-5 1.2 x 10 

15 CT-6 2,3 X 10  

16 CT-7 0,5 - 1 , 2  X 10 

CT-10 6 X 1014 

CT-11 

CT-12 

15  1.4 X 10 

2 x 
15 

16 

CT-13 2.2 x 10 

LG-1 3.8 X 10 
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J?ROJECT 5116: DONOR IMPURITIES I N  Gap 

National  Aeronautics and Space Administration 
Grant NsG-555 
P r inc ipa l  Inves t iga tor :  G ,  L, Pearson 
S t a f f :  A. Young* 

The purpose of t h i s  p ro jec t  i s  t o  s tudy t h e  behavior of shallow 

donors i n  gal l ium phosphide. I n  pa r t i cu la r ,  S, Se, and Te w i l l  be 

d i f fused  i n t o  GaP t o  determine s o l u b i l i t y  and d i f f u s i o n  parameters, 

This  information w i l l  be u s e f u l  i n  de l inea t ing  t h e  p rope r t i e s  of 

GaP doped with t h e s e  shallow donor impur i t i e s  e 

Incremental H a l l  Measurements on Diffused Layer 
> 

The e l ec t ron  concentrat ion and mobil i ty  as a func t ion  of depth 

/ 
i n  a GaP sample doped with s u l f u r  by d i f f u s i o n  a t  120OoC have been 

determined using an incremental  H a l l  measurement technique developed 

by M e  Buehlerl  of t hese  l abora to r i e s ,  

r a d i o t r a c e r  p r o f i l e  obtained on t h e  same sample are shown i n  Fig,  1, 

The r e s u l t s  along with t h e  

The r e s u l t s  of carrier concent ra t ion  and elec$ron mobi l i ty  may 

be somewhat i n  error because t h e  four  contac ts  were not exactly 

centered on t h e  sample, The region near t h e  su r face  may a l s o  be a f fec ted  

by surface i r r e g u l a r i t i e s  developed during t h e  d i f fus ion .  However, 

t he  r e s u l t s  do i l l u s t r a t e  t h a t  t h e  s u l f u r  i s  doping t h e  sample; t he  

shee t  r e s i s t i v i t y  is  much lower a f t e r  t h e  d i f fus ion .  Also, as *he 

d i f fused  layer is etched away i n  increments dur ing  t h e  measurement, 

t h e  shee t  r e s i s t i v i t y  increases  and a very sharp  increase is  observed 

near the  pene t ra t ion  depth as determined f r a n  the  r a d i o t r a c e r  p r o f i l e ,  

The low doping eff ic iencjr  of a sulfur-diffused l a y e r  i n  GaP 

shou5.d be noted. L e s s  than  10% of the  t o t a l  s u l f u r  atoms are e l e c t r i c a l l y  

NSF Fellow 
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ac t ive .  Even less than  t h i s  is  observed i n  samples grown from Ga-rich 

so lu t ions  at 1040 C. 
0 2  

Compensation by copper or  o t h e r  deep ly ing  impur i t i e s  is not  

believed t o  be a major inf luence.  However, i n  t h e  fu tu re ,  d i f fus ions  

f o r  electrical measurements w i l l  be done i n  S p e c t r o s i l  ampoules, 

Diffusions 

During t h e  previous q u a r t e r  a number of d i f f u s i o n s  of S-35 i n  GaP 

were performed a t  1215OC t o  study: 

1) The d i f f e rence  between d i f f u s i o n  i n t o  a mechanically polished 

and a chemically polished sur face .  

2) The e f f e c t  of pre-annealing p r i o r  t o  d i f f u s i o n  i n  a phosphorus 

atmosphere i d e n t i c a l  t o  t h a t  used during d i f f u s i o n  but i n  t h e  

absence of s u l f u r ,  

3) The t i m e  v a r i a t i o n  of s u l f u r  d i f fus ions  i n  Gap, 

4) The v a r i a t i o n  of the  d i f f u s i o n  p r o f i l e s  wi th  s u l f u r  pressure 

during d i f fus ion .  

5) The v a r i a t i o n  of t h e  d i f f u s i o n  p r o f i l e  with phosphorus pressure  

during d i f fus ion ,  

I n  a previous q u a r t e r l y  repor t ,  t he  v a r i a t i o n  of d i f f u s i o n  p r o f i l e s  

with temperature, and with s u l f u r  and phosphorus pressures  a t  a f ixed  

temperature (T = l l l ° C )  were reported.  

obtained by t h e  mechanical lapping technique. The cur ren t  r e s u l t s  

have been obtained by a chemical e tch ing  technique which permits 

determination of much shalaower p r o f i l e s ,  I n  general ,  b e t t e r  d a t a  

has been obtained t h i s  quar te r ,  but  r e su l t s  are i n  agreement with 

previous work. 

The r e s u l t s  were p r o f i l e s  

- 2 -  



Effec t  of Surf ace Treatment Before Diffusion 

D-23 was mech an i  e a1 y polished w i t h  Linde A and then chemically 

pol ished so t h a t  approximately 8 microns w a s  removed from t h e  su r faceo  

D-24 was simply mechanically polished. Diffusions were carried out  i n  

separate ampoules but under t h e  same condi t ions,  The r e s u l t s  given 

i n  Fig.  2 show t h a t  t h e  p r o f i l e s  are i d e n t i c a l  wi th in  experimental 

error. 

Ef fec t  of Preannealing (D-18 and D-20, D-16 and D-17 

D-18 was not  preannealed, D-20 was preannealed under d i f fus ion  

condi t ions  f o r  24 hours and then  repolished before d i f fus ion .  The 

samples were then d i f fused  separately but under i d e n t i c a l  condi t ions,  

The r e s u l t s  shown i n  Pig,  2 a r e  again i d e n t i c a l  wi th in  experimental 

error 

D-16 was not preannealed, D-17 preannealed under d i f f u s i o n  

condi t ions  f o r  24 hours and then  repolished before  d i f fus ion .  

Resu l t s  shown i n  Fig. 2 are again t h e  same. 

The necess i ty  of repol i sh ing  t h e  samples between the  preanneal 

and t h e  f i n a l  d i f  fus ion  unfor tuna te ly  complicates t h e  i n t e r p r e t a t i o n  

of r e s u l t s .  However, there i s  reason t o  be l i eve  tha t  equi l ibr ium of 

the  GaP crystal  w i t h  t h e  vapor i s  rapid compared t o  t h e  d i f f u s i o n  of 

s u l f u r  i n t o  t h e  c r y s t a l ;  d i f f u s i o n  of z inc  i n t o  GaP 

af fec ted  s i g n i f i c a n t l y  by a phosphorus overpressure,  

t h a t  t h e  rate of vacancy equi l ibr ium is comparable t o  t h a t  of t h e  z inc  

i f f u s i o n ,  S ince  z inc  d i f f u s e s  more r ap id ly  than s u l f u r ,  vacancy 

equi l ibr ium should be more r a p i d  than t h e  s u l f u r  i n  d i f fus ion .  
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Time Var ia t ion  

A number of d i f f u s i o n s  were performed under i d e n t i c a l  con 

but f o r  d i f f e r e n t  t i m e s  t o  s tudy t h e  t i m e  v a r i a t i o n  of t h e  d i f f u s i o n  

p r o f i l e s ,  Two such sets of d a t a  a r e  shown i n  F igs ,  2 and 3. The 

r e s u l t s  i n d i c a t e  t h a t  t h e  

t h a t  is, they  obey Fiek ' s  

Effec t  of S u l f u r  Pressure  

p r o f i l e s  are a func t ion  of 

Law 

A = ~ f i  >; 

Diffusion p r o f i l e s  i n  Fig,  4 i l l u s t r a t e  t h e  e f f e c t  of changing 

t h e  s u l f u r  pressure  dur ing  d i f f u s i o n  whi l e  keeping a l l  o the r  va r i ab le s  

f ixed ,  As was noted i n  a previous r epor t ,  t h e  s u r f a c e  concentrat ion 

i s  proport ional  t o  t h e  s u l f u r  vapor dens i ty  or  pressure  (P 

disagreement with a simple model incorpora t ing  s u l f u r  a t o m s  on phos- 

pkorras sites, Also t h e  previously noted (at 1 x 1  C) v a r i a t i o n  of 

p r o f i l e  shape with s u l f u r  pressure  is again seen a t  t h i s  higher  

temperature, i n d i c a t i n g  a concentrat ion dependent d i f fus ion  c o e f f i c i e n t ,  

1, which is i n  
2 s 

0 

Effec t  of Phosphorus Pressure 

Two sets of p r o f i l e s  i l l u s t r a t i n g  the  e f f e c t  o f  phosphorus pressures  

are shown i n  Figs.  5 and E. These  a r e  very s i m i l a r  t o  da t a  r e l a t i n g  

t o  s u l f u r  and selenium i n  GaAs, 3'4 

independent of pressure.  I f  a dependence on pressure  is  present  i t  is  

too small and i n  t h e  oppos i te  d i r e c t i o n  t o  that  expected f o r  a simple 

vacancy-type d i f f u s i o n  where s u l f u r  atoms migrate on t h e  phosphorus 

The pene t ra t ion  depth is  r e l a t i v e l y  

, s i n c e  -1/2 s u b l a t t i c e .  (The simple theo ry  p r e d i c t s  1) CY V Q (P 1 

i n  our own experiment P va r i e s  from 0.02 - 1.2 ATM. W e  should see a 

v a r i a t i o n  of &% i n  D or a v a r i a t i o n  of 2.8 i n  pene ta t ion  depth w e l l  

P p2 

pa 

within experimental r e so lu t ion , )  
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FIG. 2 - Time Variation of Diffusion 
P r o f i l e s  (Sulfur  i n  Gap). 
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F I G .  3 - Time Var ia t ion  of Diffusion 
P r o f i l e s  (Sulfur  i n  Gap). 
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FIG. 4 - Varia t ion  of Diffusion P r o f i l e s  
with Su l fu r  Pressure (Sul fur  i n  
Gap). 
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FIG. 6 - Varia t ion  of Diffusion P r o f i l e s  
with Phosphorus Pressure (Sul fur  
i n  Gap), 


